Creativity is a crucial skill in today's knowledge economy, and creativity support tools are a valuable and important area of human-computer interaction research. Passive affective priming has been shown to be an effective means for enhancing creativity. Based on music cognition research, we propose music improvisation as an active and participatory cognitive prime for boosting creative ability. To make music improvisation accessible to all individuals regardless of music expertise, we present a novel instrument with an adaptive interface that facilitates music creation. We demonstrate that improvising music with our adaptive instrument provides an immediate boost to creative ability, even for people without musical training. We quantify the efficacy of interface adaptation techniques for enabling creative expression.
INTRODUCTION
Innovation is the watchword of the knowledge economy. In the technology industry, creativity is recognized as a valuable skill at many levels of the workforce. Engineers are expected to find creative solutions to challenging problems, managers are encouraged to develop creative strategies for getting the best from their employees, and creative company leaders can outplay competitors in a shifting marketplace. A global study from IBM selected creativity as the most important predictor Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for components of this work owned by others than ACM must be honored. Abstracting with credit is permitted. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. Request permissions from Permissions@acm.org. C&C ' of success among CEO's [27] . At the same time, creative professionals are increasingly reliant on technological tools for designing, creating, and collaborating. The human-computer interaction (HCI) research community has responded to this need by developing creativity support tools and technologies that enhance creative performance [23] .
There have been a number of successful developments in new human-computer interfaces for supporting creativity [23] . One promising new approach for supporting creativity is through cognitive priming. In psychological literature, cognitive priming of positive emotional affect has been shown to increase creative performance [4, 8] . Lewis et al. introduced this into HCI with affective computational priming, a technique for using digital stimuli to improve later creative performance [14] . This is an example of passive cognitive priming, where subjects were shown a stimulus as a cognitive prime but did not interact with the stimulus directly. Cognitive primes can also take the form of participatory activities, which have the potential to exert greater influence on cognitive state [15] .
Substantial psychological research has been done on the effects of music on cognition, but typically researchers look at long-term cognitive benefits from exposure to music, especially in children [6, 7] . Recent research has shown that healthy adults listening to music experience cognitive benefits in terms of mood and arousal on a shorter timescale [17, 21, 26] . However, these effects do not always manifest immediately and are not necessarily generally applicable. There has been much less investigation of the cognitive impact of music creation, likely because the steep learning curve associated with music performance limits opportunities for behavioral research.
Improvisatory music creation is a good candidate as a participatory cognitive prime for creativity because, in addition to potential benefits in terms of mood and affect arising from the music, the generative nature of improvisation fosters a creative mindset. However, for music improvisation to serve as a cognitive prime for creative professionals, it is necessary that the priming activity be simple, engaging, and accessible without training. This presents a challenge, because playing an instrument typically necessitates years of practice. Building on previous work with adaptive instrument design [5, 16, 19] , we present a novel digital instrument featuring an adaptive interface that facilitates music creation. Our adaptive instrument enables non-musicians and musicians alike to experience the act of music improvisation, which acts as a prime to improve performance on a subsequent creative task.
Having developed this adaptive instrument, we face the challenge of quantifying its effectiveness. Often, novel interface designs are evaluated with subjective metrics. By measuring the efficacy of playing the instrument as a cognitive prime, we obtain a quantitative evaluation of the adaptive techniques employed in the design. To measure the impact of the prime on creative ability, we use Guilford's Alternative Uses Task [9] . We chose this task, despite the emergence of newer metrics, because it is one of the most well-established psychological tests of creative ability and was successfully used by Lewis et al. in their recent study of affective priming of creativity [14] . The quantitative assessment complements a traditional subjective evaluation of our instrument.
This enables us to test the following hypotheses:
1. Individuals who are primed by improvising music will subsequently demonstrate higher creative abilities than individuals who are not primed.
2. Individuals who are primed by improvising music using our adaptive interface will subsequently demonstrate higher creative abilities compared to individuals who are primed by improvising music on a non-adaptive interface.
3. Individuals will report greater levels of subjective satisfaction when improvising music on our adaptive interface than when improvising music on a non-adaptive interface.
We find that improvising music does act as a cognitive prime to improve creativity. We find that interface adaptation can increase the improvement, and that the increase varies depending on the type of adaptation. We find that adaptivity can improve levels of satisfaction as well, but this effect is not as strong as the priming. We also report qualitative results for our instrument design, and discuss the potential for large-scale measurement of preferences and trends in musical improvisation for both amateurs and professionals.
Our research makes the following contributions:
1. Quantifying the efficacy of music improvisation as a cognitive prime uncovers possibilities for augmenting current creativity support tools.
2. Quantifying the efficacy of adaptive techniques for empowering creativity supports the development of novel interfaces for creative expression.
3. Our implementation enables us to collect data on the implicit musical preferences of large numbers of participants, paving the way for a more data-driven interface design process.
4. Our work integrates cognitive psychology, music interface design, and creativity support tool design. Furthering this interdisciplinary research enriches the field of HCI by fostering collaboration across scientific disciplines.
In this paper, we outline the background research upon which our work is based, present our adaptive musical instrument, describe our experimental procedure, report the results of our experiments, and conclude with a discussion of future directions and broader implications.
BACKGROUND
It is difficult to precisely define creativity. Key aspects of creativity include generation of novel ideas, flexibility, and imaginative approaches to problems [2] . The psychological literature on cognitive aspects of creativity is a valuable resource for HCI research in this area. Psychology research suggests that creativity is bolstered by accumulating a variety of ideas beforehand [24] . Drawing on this body of work, Hewett et al. put forward a recommendation for creativity support tools that enable the user to re-formulate the problem in response to changing understanding of the problem state or domain [11] . Lewis et al. successfully used affective computational priming to induce this cognitive variation in subjects, and measured the resulting increases in creative ability [14] . In their study, participants were shown an image that induced negative, neutral or postive affect, and then were assessed for creativite thinking with Guilford's Alternative Uses Task. Lewis et al. found that the digital images served as affective computational primes and could be used in the context of creativity support tools. We extend this idea and propose a new approach where engaging in music improvisation serves as an active and participatory cognitive prime.
There has been much investigation of the links between music, mood, and cognition [6, 7] . In particular, it was demonstrated that listening to music can boost mood and arousal [17, 21, 26] . However, little work has been done to investigate the potential for music creation as a cognitive prime, due to the costly and time-consuming nature of musical training.
With the advent of technologically-aided music creation, this barrier is dissolving. Exploring adaptive instruments and instruments that interact intelligently with the user is an established area of research [5, 16, 19] . Many developments in this area have enabled expert users to express musical ideas that were hitherto out of reach, but this does not necessarily assist individuals who are not music experts. There is also a history of seeking simple, intuitive interfaces that enable non-experts to easily create music [30, 18] . However, these interfaces often introduce frustrating limits on the range of expressibility. Although intelligent musical instruments have been under investigation for over twenty years [29] , improvements in computing power have enabled more sophisticated techniques for computer-aided music creation, which some researchers have begun describing as a new form of musical expression [10] . In this setting, the computer can be thought of as a partner in the creative process. We expand on this to approach the problem of facilitating musical expression across varying levels of musical expertise with a relatively simple physical interface backed by algorithmic techniques that assist the human performer in reaching greater expressive potential. This enables us to include non-musicians in our investigation of music creation as a cognitive prime.
Our quantitative evaluation is based on Guilford's Alternative Uses Task, an established metric of creativity [9] . On this task, subjects are asked to come up with alternative uses for a common household object, such as a brick. Responses are Figure 1 . These two screenshots of the web-based instrument show how it adapts to fit with the musical accompaniment. Available notes are highlighted against a backdrop of the chromatic scale. In each screenshot, the home row of keys from a standard computer keyboard are overlaid to show the input-output mapping, with keys labeled with a number representing the pitch at that time. As the underlying harmonic information changes in the musical accompaniment, the instrument adjusts the input-output mapping according to a set of rules derived from principles of music theory.
graded according to subjects' ability to generate many different ideas and according to the originality of subjects' ideas compared to responses from other subjects. This metric has faced some criticism in terms of its ability to provide a complete picture of an individual's creative capacities [25] . In light of this, we treat the metric as a relative measurement of spontaneous idea generation that enables us to quantitatively compare experimental conditions, as opposed to providing nuanced insight into subjects' cognitive processes. While this limits the generality of our results, the metric is still sufficient to show the impact of the techniques we present. This metric was also was successfully used by Lewis et al. to study affective priming of creativity, indicating its feasibility for our work as well [14] .
To run our user study, we use Amazon's Mechanical Turk, a web-based micro-task labor market. Mechanical Turk is increasingly popular for scientific work, and past studies have shown that Mechanical Turk is an effective platform for crowd-sourcing user studies [13] . We use Mechanical Turk because it enables much larger sample sizes than are available with conventional participant recruitment procedures. The structure of the Mechanical Turk market makes accurate verification of demographic information impossible. However, previous studies show that Mechanical Turk worker demographics mimic internet users overall [12, 20] . This provides a reasonable sample set for our research.
MUSIC CREATION INTERFACE
The goal of our instrument design is to provide a simple interface that retains expressive potential. A trivially simple instrument might consist of a single button marked "go," but no matter how beautiful the music sounded such an instrument would be no more engaging to play than listening to a song on a music player. On the other hand, a sophisticated instrument with many complicated controls might have great expressive power, but would entail a significant learning period, confounding casual use.
To resolve this dilemma, our instrument controls a wide variety of outputs from a relatively small range of inputs. Inputs are given in the form of keypresses from the home row of a standard computer keyboard. When one of these keys is pressed, the instrument plays a note at a particular pitch, similar to how a piano works. Unlike a piano, where each input key corresponds to exactly one output pitch, an input on our instrument corresponds to a family of possible output pitches. The instrument adapts the input-output mapping so that at any given time each input key produces a single output that "sounds good" according to predefined musical rules designed by a music expert.
With this design, users retain complete control over the input space and can produce a wide variety of outputs, while the adaptive mapping ensures that the outputs that most users would find distasteful are consistently avoided even as the underlying musical composition changes. This enables users to easily create rich, engaging and expressive music. Figure 1 shows a diagram of the adaptive interface.
In our study, we conjectured that participants might be discomfited by playing alone, so we employed a leadaccompaniment music paradigm where the user assumes the most prominent musical role and is supplemented by a backing track. Typically in group music creation the most prominent player would lead the rest, dictating the direction of the music. Here, the user's playing is still the most prominent aspect of the music, but the overall arc of the performance is pre-planned and the instrument facilitates traversing that arc. Within that track, the user still has substantial freedom and control, and thus can perceive a clear connection between the inputs they provide and the music they hear.
Our instrument is implemented in a web framework. For consistency in our research, our prototype only accepts keyboard input, but the design could also include mouse or touchscreen inputs. Delivering the instrument over the web is advantageous in two ways. First, from the user's perspective, the ubiquitiy of web technology ensures a low barrier to entry in terms of hardware and software prerequisites for playing the instrument. Second, from a research perspective, the webbased instrument can be tested on Mechanical Turk, improving our ability to collect data.
Adaptivity
The adaptivity of the instrument is its ability to change the mapping between inputs (key presses) and outputs (notes), as shown in Figure 1 . In our experiment, all adaptation occurs in reference to the accompanying backing track. In other contexts the adaptation could take place without reference to a backing track, in which case the instrument would help guide the user through a solo performance.
For this prototype, a music expert provided a set of rules that dictated optimal note selections for the music in our experiments. Implementing a general technique for defining such rules represents an area of research in its own right, so we wished to remove that as a source of noise in the data. In the Future Work section we discuss some interesting possibilities for automatically inferring this mapping.
We implemented multiple levels of adaptivity, listed below in roughly increasing order of how much adaptation the user would be aware of while playing.
1. Static baseline case. For the baseline case, the instrument offers a static selection of pitches that are a run of adjacent notes from a chromatic scale (the scale that includes all notes on an acoustic piano). This is still a reduction from the infinite number of pitches that a computer could generate, but it is a reasonable baseline because Western music typically quantizes to this selection of pitches. In this baseline case, the instrument is non-adaptive.
2. Song-level adaptivity. The instrument offers a subset of the chromatic scale that best fits with the backing track as a whole. The selection does not change over the course of the performance, but would be different for a different backing track.
3. Section-level adaptivity. The backing track is partitioned into sections, and for each section the instrument offers a subset of the chromatic scale that best fits with that section. The method for finding sections can vary. For our experiment, we defined a section as a portion of the track that is oriented around the same tonal center. The selection changes a few times during the performance.
4. Chord-level adaptivity. The instrument follows the harmonic progression of the backing track, offering a subset of the chromatic scale that fits with each chord. The selection changes frequently during the performance.
There are many other ways that the interface could adapt, such as adding or removing input keys or dynamically adjusting the accompaniment. For our experiment we employed only the adaptive technique of changing the pitch selection at these three different levels of granularity (song-level, sectionlevel and chord-level). There could also be further gradations between these extremes, and more fine-grained adaptivity is possible than chord-level (e.g. beat-level). There are many possibilities for further investigation of adaptive techniques in this context, but for our experiment these adaptive modes are sufficient.
EXPERIMENTAL SETUP
Our investigation compared the efficacy of the different interface adaptation styles outlined above. In addition, we looked at the impact of the level of complexity of the overall musical performance. We also expected that differing levels of music experience would play a role. In accordance with our goal of enabling music creation without prior experience, we focus more on subjects who are not experts in music. Subjects' musical expertise was self-reported along with standard demographic information, although with Mechanical Turk the demographic information cannot be verified so we did not rely on it for our results. In addition to evaluating participants' creativity with the Guilford Alternative Uses Task [9] , we collected subjective satisfaction ratings about the music creation experience. For these ratings, participants used a Likert scale to rate their satisfaction with the music they created. All music improvisation activities were approximately 80 seconds in duration.
The study consisted of the following stages:
1. Pre-questionnaire for demographic and music experience self-reporting.
2. Listening test (quality assurance, did not affect subsequent stages).
3. Music activity cognitive prime (independent variable, varied by condition).
4. Creativity assessment cognitive task (dependent variable).
5. Post-questionnaire for subjective metrics (dependent variable).
Subjects were recruited through the Mechanical Turk labor market. We restricted our subjects to English-speaking residents of the USA. To ensure our participants tried their best, we required that they have an excellent quality record with at least 95% successful completions in Mechanical Turk.
The listening test, on which subjects listened to a short musical excerpt and checked the boxes for the instruments they heard, provided a further quality assurance measure. This test was not intended to eliminate any subjects, but rather just ensure that subjects were prepared for the music activity in terms of having their speakers or headphones ready, and were paying attention to what they heard. The rest of the study remained the same regardless of a participant's score on the listening test, but results from any subjects who failed to finish the test were rejected.
All results presented from the Mechanical Turk trials are from between-subject comparisons. We chose betweensubject over within-subject comparisons because we did not know how long the cognitive prime effect would last and were therefore concerned that in a withinsubject comparison we would not be able to isolate the priming effects. In total, we had the following experimental conditions (participant counts in parentheses):
Unprimed baseline condition (50). Control condition, subjects listened but did not play (25) . Played simple music with static instrument (25) . Played simple music with song-level adaptivity (25) . Played complex music with static instrument (25) . Played complex music with chord-level adaptivity (25) . Played complex music with section-level adaptivity (25) . Played complex music with song-level adaptivity (25) .
Creativity Metric
Our quantitative creativity metric is based on Guilford's Alternative Uses Task, a standard psychological test of creativity on which subjects are asked to come up with alternative uses for a common household item [9] . We chose this task because it was used successfully by Lewis et. al to measure the a b Figure 2 . To create a single summary score for creativity, we compute the Euclidean norm of the verbosity and originality scores from Guilford's Alternative Uses Task. In this example, though both responses a and b have similar verbosity scores, the difference in the length of the solid lines shows that response a earns a substantially higher overall score due to its higher originality.
impact of affective priming [14] . Also, as we are interested in providing a relative measurement between experimental conditions rather than a deep evaluation of individual subjects, the simplicity of Guilford's task is appealing for reproducibility and consistency.
In our study, the metric was administered as follows. First, subjects were presented with instructions informing them that they would be given one minute to come up for unusual uses for an object to be specified. Next, subjects clicked a button to begin, at which point a timer began counting down one minute and the subjects were shown the name of the object for which to list uses as well as a text box in which to enter their response. The prompt was one of "a brick," "a paperclip" or "an empty wine bottle." When the timer was up, the response was recorded and the study concluded. We note that one minute is a short time period in which to perform this task, and subjects might have provided more creative answers given more time. This prevents us from measuring the duration of any priming effects, but is sufficient to show significant differences in the responses.
The responses are graded according to the number and detail of uses generated as well as how unusual the uses are compared to responses from other participants [1] . All gibberish or nonsense responses are eliminated from the results. We measure the first criterion by looking at the length of the participant response, and call this score score verbosity. For the second criterion, we compute T otal(x) as the total occurrences of a particular answer x across all subjects, and then for an individual subject's response we weight each provided answer x i by 1 T otal(xi) and sum the results. This gives higher values for unusual answers, and we call this score originality. These measurements can be made by simple counting, minimizing the possibility of subjective rater variance.
A typical application of creativity metrics like Guilford's Task would be to gain detailed insight into the mental faculties of an individual. In contrast, we need to make 
Musical Improvisation Priming Creativity
Experimental Condition Creativity Score Figure 3 . This boxplot shows the median and quartiles of creativity scores for subjects who were not primed versus subjects who were primed by participating in the most basic musical improvisation activity (25 subjects per condition). The creativity score is calculated using the method described in Figure 2 . We see that participants in the primed condition achieve higher creativity scores (p < .005), confirming our first hypothesis that musical improvisation can serve as a cognitive prime for creativity.
high-level comparisons between different experimental conditions. Thus, in our case it makes sense to flatten the multidimensional result down to a single overall creativity score. For an overall score, we normalize the two scores and compute the Euclidean norm, as shown in Figure 2 . Though some information is lost in the dimensionality reduction, having a single dependent variable provides clearer results. Treating these dimensions independently warrants further investigation, but for this work we use the combined metric.
RESULTS
At a high level, our results confirm our hypotheses, but effects vary across some of the participant stratifications. Figure 3 shows the creativity scores for non-primed participants versus participants in our most basic music improvisation priming condition. The music improvisation activity consisted of improvising simple music using a non-adaptive interface on our web-based instrument. Participants who were primed demonstrate higher creativity than the unprimed participants, as measured using the overall creativity metric we defined in Figure 2 . The difference is statistically significant (p < .005). This shows that in general improvising music provides a cognitive boost to creativity, confirming our first hypothesis. In subsequent analyses, we will discuss the priming effects in terms of improvement over the non-primed condition, enabling us to make normalized comparisons between trials.
This establishes a basic relationship between musical improvisation and measured creativity. For much of our analysis it is useful to consider music experts separately from the other subjects. We define music experts to be participants who described themselves as having "a lot" or "professional" music experience, and non-experts to be participants who described their music experience as "some," "a little" or "none." In general we find that results for this non-expert group are also 
Instrument Adaptivity in Simpler Music

Instrument Adaptivity
Creativity Boost (%) Figure 4 . This boxplot shows the median and quartiles of creativity improvement over the non-primed baseline case for subjects primed by creating music using a static (non-adaptive) interface versus subjects primed by creating music using an interface with song-level adaptivity (25 subjects per condition). The participants in both these primed conditions showed improvement in creativity over the non-primed baseline, but we see that there is no statistically significant difference between the adaptivity modes. Thus, we conclude that adaptivity does not impact the creativity boost when playing simpler music.
applicable when further restricted to only participants who described their music experience as "a little" or "none."
In several cases, we see divergent results for the expert group compared to the rest, so it makes sense to consider this group separately. However, the limited number of experts in our sample prohibits detailed analysis. The expert group is also less relevant to our goal of supporting creative thinking in general, as most people are not music experts.
We cannot accurately verify demographic information on Mechanical Turk. Nevertheless, we ran ANOVA null-hypothesis tests on self-reported demographic variables, but did not find statistically significant effects. As most participants reported their age in the 20's or 30's, there might be effects due to age that could be uncovered in a larger sample. This merits further research, but is not the focus here.
Instrument Adaptivity for Boosting Creativity
Having established that the prime does provide a measurable creativity boost, we can break this down in more detail. On the simpler music trial, section-and chord-level adaptivity are indistinguishable from song-level adaptivity because the chords and sections are uniform. Thus, in this trial, the only adaptive modes available are no adaptivity or song-level adaptivity. We find that in this case adaptivity has no effect, as shown in Figure 4 . Though both the nonadaptive case and song-level adaptivity primes provide statistically significant creativity boosts over the baseline unprimed case (p < .05), the difference between them is not significant.
For more complex music, we found that different levels of adaptivity did result in differing levels of creativity boost for the non-expert participants, as shown in Figure 5 . Only the conditions with song-level adaptivity and chord-level adap- 
Instrument Adaptivity for Non−Experts Playing Complex Music
Instrument Adaptivity
Creativity Boost (%) Figure 5 . This boxplot shows the median and quartiles of creativity improvement over the non-primed baseline case for non-experts playing complex music on interfaces with different levels of adaptivity (20 subjects per condition). Improvising using the instruments with song-and chord-level adaptivity provided a statistically significant improvement over the non-primed baseline, but improvising using the static (nonadaptive) and section-level adaptive instruments did not. This suggests that struggling to play music (e.g. attempting complex music on the nonadaptive instrument) does not provide positive cognitive effects, but that this is mitigated by the adaptive instrument. Figure 6 . This boxplot shows the median and quartiles of creativity improvement over the non-primed baseline case for non-experts playing simple music (A, shaded) versus complex music (B, unshaded), across three different adaptivity modes (20 subjects per condition). For simple music, we omit chord-level because it is the same as song-level, and we omit section-level entirely because of our previous finding that it does not provide a cognitive benefit. Overall, playing more complex music on an adaptive instrument provides the most effective cognitive prime. tivity show statistically significant creativity boosts above the baseline (p < .05); the non-adaptive and section-level adaptivity conditions do not show statistically significant improvement. This suggests that if the music improvisation is difficult then the activity is less effective as a cognitive prime, but that this is mitigated by the adaptive interface.
These results also indicate that section-level adaptivity is not as helpful as other adaptivity modes. To illuminate this further, we collected some qualitative feedback comparing the three adaptivity modes. Subjects reported that the infrequent sudden changes in section-level adaptivity were startling, in contrast with the single fixed adaptation in song-level adaptivity or the continual changing of chord-level adaptivity. We therefore conclude that section-level adaptivity is a disorienting "unhappy medium" for music improvisation.
We have so far considered adaptivity on both simpler and more complex music independently, and found that adaptivity does help non-experts playing complex music. We now look at the interaction of instrument adaptivity and music complexity for non-experts, shown in Figure 6 . We find that, between simple versus complex music trials, there is not a statistically significant difference for the non-adaptive condition. However, improvising more complex music with songor chord-level adaptivity offers greater creativity boosts than improvising simpler music using either the adaptive or nonadaptive modes. An ANOVA indicates that the difference in music complexity is statistically significant (p < .05). We note that these results do not hold for the expert case, and more data is necessary to illuminate the effect of adaptivity on creativity for music experts.
Taken together, these findings address our second hypothesis that instrument adaptivity magnifies the effect of improvising music as a cognitive prime for creativity. Our results show that, while adaptivity makes little difference for simple music, non-experts benefit from adaptivity when playing more complex music. Furthermore, playing complex music on an instrument with song-level or chord-level adaptivity offers greater benefit than playing simpler music. We generalize this by saying that the best musical cognitive prime for non-experts is improvising complex music on an instrument with song-level or chord-level adaptivity. This is a qualified confirmation of our second hypothesis.
Instrument Adaptivity and Subjective Metrics
To address our third hypothesis, that an adaptive instrument offers a more satisfying music creation experience, we look to the subjective satisfaction ratings. Here the trends are not as strong as with the creativity metric, but there are two notable observations. Figure 7 shows that for non-experts the overall trend of the satisfaction metric mirrors the boost measured with our creativity metric (presented earlier in Figure  5 ). Both song-and chord-level adaptivity show improvement, whereas section-level adaptivity and the non-adaptive interface are less strong. However, unlike with the creativity metric, the measured differences are not statistically significant. This suggests that even though the cognitive prime had a measurable impact, participants may not perceive effects directly.
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Satisfaction for Non−Experts Playing Complex Music
Instrument Adaptivity Reported Satisfaction Figure 7 . This boxplot shows the median and quartiles of the subjective satisfaction reported by non-experts playing complex music with different levels of adaptivity (20 subjects per condition). We see that the overall shape mimics the findings with the creativity metric ( Figure 5) , with song-and chord-level adaptivity cases outperforming non-adaptive (static) and section-level adaptivity cases. However, the differences in satisfaction ratings are not statistically significant.
Static
Satisfaction for Experts Playing Complex Music
Instrument Adaptivity Reported Satisfaction Figure 8 . This boxplot shows the median and quartiles of the subjective satisfaction reported by experts playing complex music with different levels of adaptivity (5 subjects per condition). We see that increased adaptivity tends to result in monotonically greater satisfaction for music experts, which contrasts with the low satisfaction for section-level in overall ratings (Figure 7 ). Due to small sample size, the differences are not statistically significant, but if the axes are treated as numeric data the Pearson Correlation Coefficient is 0.42, suggesting a positive relationship between adaptivity and expert satisfaction. 
Listening Test Score Distribution
Listening Test Score Figure 9 . This boxplot shows the median and quartiles of scores on the listening test for experts versus non-experts (30 subjects per condition). It illustrates that, although music experts did outperform non-experts by median score, most subjects performed quite well on the listening test.
There is not a statistically significant difference between the groups. Figure 8 shows that music experts exhibit a different trend. For experts, the satisfaction ratings increases monotonically as the level of specificity of adaptation increases. This contrasts with our other results, in which section-level adaptation fares worse than other modes of adaptivity. The relationship can be quantified by treating least-to-most satisfaction and least-to-most specificity of interface adaption as numerical quantities, in which case they are correlated with a Pearson's Correlation Coefficient of .42. However, this makes assumptions about the nature of the data that may not be valid, and the sample size is such that we do not find statistically significant differences. Thus, we cannot draw firm conclusions, but the data suggests that adaptivity may be preferred by music experts.
Overall, this shows some support for the hypothesis that instrument adaptivity improves satisfaction, especially for music experts, but the results in this area are not definitive. This finding itself is interesting, however, as it means the priming measured by the creativity metric is not necessarily reflected in the subjective experience of the individual playing music.
Good Listening Abilities Magnify Creativity Boost
We included a music listening test in our trials that was intended to ensure participants were prepared before beginning the priming activity. However, as the listening test also provides a rough estimate of the quality of a subject's "musical ear," we look at how the listening test scores relate to our metrics. It is important to convey that the listening test was not especially challenging. The distribution of scores in Figure  9 shows that most participants received good scores, and we further note that approximately 25% of non-experts achieved a perfect score.
We find that this measure of listening ability is a strong predictor of the potency of the priming effects. For the non- Figure 10 . This boxplot shows the median and quartiles for creativity improvement over the non-primed baseline case for non-experts with good listening ability (T, unshaded, 5 subjects per condition) versus all non-experts (A, shaded, 20 subjects per condition) across four adaptivity modes. For the ∼25% of non-experts who received a perfect score on the listening test (T, unshaded), the creativity score improvements are quadruple the creativity score improvement for non-experts overall (A, shaded) in every adaptivity category. The difference is statistically significant (p < .001). This shows that playing music is a very effective cognitive prime for creativity in people with good listening abilities, even if they haven't had musical training. This also demonstrates that using an adaptive interface for music improvisation can magnify the cognitive benefits.
experts who earned perfect scores on the listening test, the creativity score improvement increases by approximately a factor of four. This is shown in Figure 10 . The difference is especially dramatic for the song-level and chord-level adaptivity conditions.
The effect is further magnified when excluding all but the lowest two levels of reported music experience ("none" or "a little"). The best improvement is for participants with "none" or "a little" music experience who were primed by improvising more complex music on an instrument with song-level adaptivity. The median creativity score improvement in this case is 400% (i.e., the median score for this condition is five times the median score of the baseline non-primed condition). These observed differences are statistically significant. Relaxing the listening test cutoff to include the top ∼50% scorers among non-experts reduces but does not eliminate the increase compared to the overall non-expert group.
These effects far outpace the differences between the expert and non-expert groups. This shows that the instrument adaptivity is well-suited to people who have an ear for music, even if they haven't had any musical training. Similarly, we can conclude that while improvising music on the instrument primes creative thinking across the board, the benefit is magnified for individuals with an ear for music.
Qualitative Results
There are a few qualitative reports that supplement the quantitative findings described above. Feedback subjects provided Figure 11 . This histogram shows how often the subjects played different notes on the chord-level adaptive instrument. Although the data is interesting, showing patterns beyond what can be explained by the adaptivity choices alone, an analysis of the musical content is not the focus of this paper. We include the graph to show that our system can collect rich quantitative data about the musical performances of the subjects on Mechanical Turk.
during the small-scale in-person trials helps illustrate what works well on the adaptive instrument. For the in-person trials, subjects tried playing the instrument under all the different adaptivity conditions, and then were asked to compare their experiences. Subjects reported that "the [non-adaptive] one didn't sound as good," whereas "the [song-level adaptation] chose the best sound to fit." One subject reported feeling confused when the instrument changed the mapping. Another subject, when asked if any version had felt limiting, immediately identified the non-adaptive version. This is interesting because the non-adaptive instrument in a real sense offers greater flexibility in terms of the variety of pitches that are available, but it is experienced as limiting when compared to the adaptive technology.
Implications for Quantitative Music Analysis
In addition to evaluating the cognitive impact of the musical priming task, we collected data about the musical task itself in the form of note onsets. By aggregating this data, we can expose the implicit musical preferences expressed by the participants during the musical improvisation, as shown in Figure  11 . There are clearly some notes that are consistently preferred, which indicates that the data is worth examining, but as the musical content is not the focus of this paper, we do not include an analysis here. Nevertheless, this demonstrates another strength of our approach, which is that we can collect note-by-note statistics for both amateur and expert musical improvisation with significant numbers of participants. We will use this data to examine implicit musical preferences in order to further our understanding of music cognition and improve future interface designs.
FUTURE WORK
There are a number of opportunities to extend this research. Our findings surrounding expert musicians were hampered by small sample size, so more in-depth investigation is necessary in that area. In addition, the precise effects of the cognitive prime warrant more careful delineation. This includes comparing the different axes of creativity measured on Guilford's Alternative Uses Task, as interesting trends may have been blurred due to dimensionality reduction.
One limitation of this study is that we did not pin down the psychological mechanism underlying the priming we observed. The music may have functioned as an affective prime that improved the mood or motivation of the subjects. Alternatively, the benefits may stem from the improvisation having moved participants into a mental state of spontaneous idea generation, which subsequently facilitates the verbal idea generation measured on the task. Both the motivation explanation and the idea of "warming up" for idea generation are supported by the literature on creative cognition [3, 28] . More sophisticated psychological measurements could illuminate how this priming occurs.
There are several ways in which the adaptive instrument can be improved and enhanced. A natural extension is to elminate the need for rule-based adaptation in favor of a more automated approach. We chose to rely on a tailored design from a domain expert in order to reduce noise in our measurements, but existing research in the area of music information retrieval supports the feasibility of a fully automated system that analyzes the track and selects output pitches based on music theory heuristics. This would open the door to far wider uses of the music creation technology by enabling improvisation with arbitrary music tracks.
Another promising avenue for the instrument is in collaborative composition. In this paper, the instrument adapted to a fixed backing track. However, the same adaptive techniques could adapt multiple instances to each other at the same time. This would facilitate multiple people creating music together, which could have broad implications for supporting positive group dynamics and brainstorming sessions.
Finally, a valuable aspect of this work is its real-world application in the context of creativity support tools. We intend to explore the possibilities for integrating music improvisation as a priming activity within the framework of existing tools. Our method can augment current strategies for supporting creative work, and investigating the best method for integrating our techniques is an important future direction.
CONCLUSION
Creativity is emerging as one of the most valuable cognitive skills, and the field of HCI is uniquely poised to develop supporting technologies in this area. In 2009, Shneiderman proposed creativity support tools as a grand challenge for the field of HCI [22] . Our work shows that music improvisation as a cognitive prime is a fruitful avenue to explore, and we demonstrate the power of an adaptive interface in the realm of creative expression. This represents one novel approach in the greater context of creativity support tools, but it is only the beginning of the tremendous opportunity for the HCI community as a whole to address this important and complex domain.
